/ - - 



(19) 



J 



EuropSisches Patentamt 
European Patent Office 
Office europeen dee brevets 



(12) 



(45) Date of publication and mention 
of the grant of the patent: 
03.05.2000 Bulletin 2000/18 

(21) Application number: 96307826.6 

(22) Date of filing: 28.10.1996 



(n) EP 0 774 536 B1 

EUROPEAN PATENT SPECIFICATION 

(51) lntci7: C30B 15/26, C30B 15/00 



(54) Crystal growing apparatus comprising a non-distorting video camera for controlling the 
growth of a silicon crystal 

Kristallwachstumsvorrichtung mit einer Videokamera zur Steuerung des Wachstums eines 
Siliziumkristalls 

Appareil de croissance d' un cristal avec un camera video sans distorsion pour contrdleria croissance 
d'un cristal de silicium 



(84) Designated Contracting States: 
DE FR GB IT 

(30) Priority: 14.11.1995 US 558609 

(43) Date of publication of application: 
21.05.1997 Bulletin 1997/21 

(73) Proprietor: MEMC Electronic Materials, Inc. 
St. Peters, Missouri 63376 (US) 



00 

CO 
CO 

in 

^ 

Note: Within nine months from the publication of the mention of the grant of the European patent, any person may give 
q notice to the European Patent Office of opposition to the European patent granted. Notice of opposition shall be filed in 
a written reasoned statement. It shall not be deemed to have been filed until the opposition fee has been paid. (Art. 



(72) Inventor: Fuerhoff, Robert H. 
St Charles, Missouri (US) 

(74) Representative: Eyles, Christopher Thomas 
W.P. THOMPSON & CO. 
Celcon House 
289-293 High Holborn 
London WC1V7HU(GB) 



(56) References cited: 
GB-A-2 054 137 
US- A- 5 240 684 



US-A- 3 740 563 



jjj 99(1 ) European Patent Convention). 



Printed by Jouve, 7S001 PARIS (FR) 



1 



EP 0 774 536 B1 



2 



Description 

Background of the Invention 

[0001] This invention generally relates to a crystal s 
growing apparatus comprising a measuring apparatus 
and, particularly, involves a perspective-controlled vid- 
eo camera for use with an apparatus for measuring the 
diameter of silicon crystals grown by the Czochralski 
process to control an apparatus or method employing 
the Czochralski process. 

[0002] Crystal pulling machines employing the Czo- 
chralski process produce the substantial majority of 
monocrystalline silicon used to make silicon wafers for 
the microelectronics industry. Briefly described, the 
Czochralski process involves melting chunks of high- 
purity polycrystalline silicon in a quartz crucible located 
in a specifically designed furnace to form a silicon melt. 
The lower end of a pull wire hanging from a crystal lifting 
mechanism suspends a relatively small seed crystal 
above the crucible. The crystal lifting mechanism lowers 
the seed crystal into contact with the molten silicon in 
the crucible. When the seed begins to melt, the mech- 
anism slowly withdraws it from the silicon melt. As the 
seed is withdrawn, it grows drawing silicon from the 
melt. During the growth process, the crucible rotates in 
one direction while the crystal lifting mechanism, wire, 
seed, and crystal rotate in an opposite direction. 
[0003] As crystal growth is initiated, the thermal shock 
of contacting the seed with the melt may cause disloca- 
tions in the crystal. Unless eliminated in the neck region 
between the seed crystal and the main body of the crys- 
tal, the dislocations propagate throughout the growing 
crystal and multiply. The known methods of eliminating 
dislocations within silicon single crystal involve growing 
a neck having a small diameter at a relatively high crys- 
tal pull rate to completely eliminate dislocations before 
growing the body of the crystal. After dislocations are 
eliminated in the neck, its diameter is enlarged until the 
desired diameter of the main crystal body is reached. 
When the neck, which is the weakest part of the crystal, 
has too small a diameter, it can fracture during crystal 
growth, causing the body of the crystal to drop into the 
crucible. The impact of the crystal ingot and splashing 
molten silicon can cause damage to the crystal growing 
apparatus as well as present a serious safety hazard. 
[0004] As is known in the art, the Czochralski process 
is controlled, in part, as a function of the diameter of the 
crystal being grown. Thus, for both control and safety 
reasons, an accurate and reliable system for measuring 
crystal diameter, including neck diameter, is needed. 
[0005] Several technologies are known for providing 
crystal diameter measurements, including methods of 
measuring the width of the bright ring. The bright ring is 
a characteristic of the reflection of the crucible wall in 
the meniscus which is formed at the solid-liquid inter- 
face. Conventional bright ring and meniscus sensors 
employ optical pyrometers, photocells, rotating mirrors 



with photocells, light sources with photocells, line-scan 
cameras, and two-dimensional array cameras. U.S. 
Patent Nos. 3,740,563, 5,138,179 and 5,240,684 dis- 
close methods and apparatus for determining the diam- 
eter of a crystal during the crystal growth process. 
[0006] Presently available apparatus for automatical- 
ly measuring crystal width, however, are often not suffi- 
ciently accurate or reliable for use during the different 
phases of crystal growth or for large diameter crystals 
in which the true maximum of the bright ring may be ob- 
scured from view by the solid body of the crystal itself. 
In an effort to correct this problem, apparatus for meas- 
uring crystal width attempt to measure the meniscus at 
a chord or at a single point along the meniscus. Howev- 
er, such apparatus require precise mechanical position- 
ing of the scanning device and are highly sensitive to 
fluctuations in melt level. Further, conventional measur- 
ing apparatus require frequent calibration by the opera- 
tor of the crystal growing apparatus to ensure that the 
diameter remains within specification. 
[0007] Crystal measuring apparatus typically include 
a camera, such as a monochrome charge coupled de- 
vice (CCD) camera, mounted in a viewport of the crystal 
growing chamber at an angle with respect to the axis of 
the growing crystal. The camera generates a video im- 
age of the crystal including an image of the meniscus at 
the interface between the silicon melt and the crystal. A 
disadvantage of such apparatus is that the position of 
the camera causes perspective distortion so that the im- 
age of the meniscus appears elliptical rather than circu- 
lar. Although mathematical transformations are availa- 
ble for extracting a circular shape from a distorted ellip- 
tical shape to compensate for perspective distortion, 
such transformations are complicated and delay the 
performance of a vision system processing the image 
of the meniscus. 

[0008] European Patent Application No. 96303047.3 
filed 1 May 1996 (European Patent Publication No. 0 
745 830) provides improvements in vision systems for 
use in measuring crystal diameter during the growing 
process. Although the system and method of European 
Patent Application No. 96303047.3 (European Patent 
Publication No. 0 745 830) provide improved crystal di- 
ameter measurements, there is still a need for a system 
that compensates for perspective distortion without the 
use of complicated transformations and additional 
processing steps by the vision system. 
[0009] Telecentric lenses solve a related problem in 
which the field of view contains three-dimensional ob- 
jects that are off-axis to the lens. However, the telecen- 
tric lens is only effective when the field of view is less 
than or only slightly greater than the diameter of the ob- 
jective lens. As such, camera tilting or panning is still 
required when measuring objects that are outside the 
field of view. 

[0010] For these reasons, conventional apparatus fail 
to provide a sufficiently accurate and reliable system of 
automatically determining crystal diameter for control- 
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ling the crystal growth process that compensates for 
perspective distortion. 

Summary of the Invention 

[0011] Among the objects and features of the present 
invention may be noted the provision of an improved 
measuring apparatus which overcomes the disadvanta- 
geous conditions described above; the provision of such 
measuring apparatus which provides accurate and reli- 
able measurements of crystal diameter during the 
growth process; the provision of such measuring appa- 
ratus which compensates for errors caused by distortion 
due to camera angle; and the provision of such meas- 
uring apparatus which is economically feasible and 
commercially practical. 

[0012] Briefly described, a measuring apparatus em- 
bodying aspects of the present invention is for determin- 
ing a dimension of a silicon crystal being pulled from a 
silicon melt in an apparatus for growing a silicon crystal 
wherein the melt has a generally planar surface includ- 
ing a meniscus that is visible as a bright area adjacent 
the silicon crystal. The measuring apparatus includes a 
camera positioned above the silicon melt surface and 
away from the silicon crystal. The camera includes a 
lens for receiving and transmitting light from the bright 
area adjacent the crystal and an image plane respon- 
sive to the light transmitted by the lens for generating 
an image pattern of a portion of the bright area. The im- 
age plane is generally parallel to the silicon melt surface 
thereby to compensate for distortion of the image pat- 
tern caused by the position of the camera relative to the 
silicon crystal. The measuring apparatus also includes 
a detection circuit for detecting a characteristic of the 
image pattern and a defining circuit for defining an edge 
of the bright area as a function of the detected charac- 
teristic and for defining a shape including the defined 
edge of the bright area. A measurement circuit then de- 
termines a dimension of the defined shape whereby the 
dimension of the silicon crystal is determined as a func- 
tion of the determined dimension of the defined shape. 
[0013] In another form, a measuring apparatus em- 
bodying aspects of the present invention is for determin- 
ing a dimension of the silicon crystal being pulled from 
a silicon melt in an apparatus for growing a silicon crystal 
wherein the melt has a generally planar surface includ- 
ing a meniscus that is visible as a bright area adjacent 
the silicon crystal. The crystal is pulled from the melt 
generally along a vertical axis within the meniscus which 
is generally perpendicular to the melt surface. The 
measuring apparatus includes a camera positioned 
above the silicon melt surface and away from the vertical 
axis. The camera includes a lens for receiving and trans- 
mitting light from the bright area adjacent the crystal and 
an image plane responsive to the light transmitted by 
the lens for generating an image pattern of a portion of 
the bright area. The camera also includes an optical axis 
that is generally parallel to the vertical axis thereby to 



compensate for distortion of the image pattern caused 
by the position of the camera relative to the vertical axis. 
The measuring apparatus also includes a detection cir- 
cuit for detecting a characteristic of the image pattern 
s and a defining circuit for defining an edge of the bright 
area as a function of the detected characteristic and for 
defining a shape including the defined edge of the bright 
area. A measurement circuit then determines a dimen- 
sion of the defined shape whereby the dimension of the 
10 silicon crystal is determined as a function of the deter- 
mined dimension of the defined shape. 
[0014] Alternatively, the invention may comprise var- 
ious other apparatus and/or methods. 
[0015] Other objects and features will be in part ap- 
is parent and in part pointed out hereinafter. 

Brief Description of the Drawings 

[001 6] Fig. 1 illustrates of a crystal growing apparatus 
20 and a measuring apparatus for controlling the crystal 
growing apparatus according to the present invention. 
[0017] Fig. 2 is a block diagram of a control unit of the 
measuring apparatus of Fig. 1 . 
[0018] Fig. 3 is a fragmentary and cross -sectional per- 
25 spective view of a silicon crystal. 

[0019] Fig. 4 is a fragmentary view of the crystal of 
Fig. 3 being pulled from a melt including a camera ac- 
cording to a preferred embodiment of the invention. 
[0020] Fig. 5 is a view of the camera of Fig. 4 having 
30 portions broken away 

[0021] Fig. 6 is a fragmentary view of the crystal of 
Fig. 3 being pulled from a melt including a camera ac- 
cording to another preferred embodiment of the inven- 
tion. 

35 [0022] Corresponding reference characters indicate 
corresponding parts throughout the drawings. 

Detailed Description of Preferred Embodiments 

40 [0023] Referring nowtoFig. 1 , a measuring apparatus 
21 is illustrated for use with a Czochralski crystal grow- 
ing apparatus 23 in accordance with the present inven- 
tion. In the illustrated embodiment, the crystal growing 
apparatus 23 includes a vacuum chamber 25 enclosing 

45 a crucible 27 which is surrounded by a resistance heater 
29 or other heating means. Generally, a crucible drive 
unit 31 rotates the crucible 27 in the clockwise direction, 
as indicated by the arrow, and raises and lowers crucible 
27 as desired during the growth process. Crucible 27 

so contains a silicon melt 33 from which a single crystal 35 
is pulled, starting with a seed crystal 37 attached to a 
pull shaft or cable 39. As shown in Fig. 1, the melt 33 
has a melt level 41 , and crucible 27 and the single crystal 
35 have a common vertical axis of symmetry 43. 

55 [0024] According to the Czochralski crystal growth 
process, a crystal drive unit 45 rotates the cable 39 in 
the opposite direction from that in which crucible drive 
unit 31 rotates crucible 27. The crystal drive unit 45 also 
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raises and lowers crystal 35 as desired during the 
growth process. A heater power supply 47 energizes the 
resistance heater 29 and insulation 49 lines the inner 
wall of the vacuum chamber 25. Preferably, a vacuum 
pump (not shown) removes gas from within vacuum s 
chamber 25 which is replaced by an inert atmosphere 
of argon gas fed into vacuum chamber 25. In one em- 
bodiment, a chamber cooling jacket (not shown) fed with 
cooling water may surround vacuum chamber 25. Pref- 
erably, a temperature sensor 51 , such as a photo cell, 
measures the melt surface temperature. 
[0025] At least one two-dimensional camera 53 is for 
use with a control unit 55 to determine the diameter of 
single crystal 35. The control unit 55 processes signals 
from the temperature sensor 51 as well as the camera 
53. Preferably, control unit 55 includes a programmed 
digital or analog computer (see Fig. 2) for use in con- 
trolling, among other things, crucible drive unit 31 , single 
crystal drive unit 45 and the heater power supply 47. 
[0026] Referring further to Fig. 1 , according to a gen- 
eral silicon single crystal growth process, a quantity of 
polycrystalline silicon is charged to crucible 27. Heater 
power supply 47 provides electric current through heat- 
er 29 to melt the charge. Crystal drive unit 45 lowers the 
seed crystal 37 via cable 39 into contact with the molten 
silicon of melt 33 contained by crucible 27. When seed 
crystal 37 begins to melt, crystal drive unit 45 slowly 
withdraws, or pulls, it from melt 33. Seed crystal 37 
draws silicon from melt 33 to produce a growth of silicon 
single crystal 35 as it is pulled from melt 33. Before seed 
crystal 37 contacts melt 33, it may first be necessary to 
lower seed crystal 37 nearly in contact with melt 33 for 
preheating seed crystal 37. 

[0027] Crystal drive unit 45 rotates crystal 35 at a ref- 
erence rate as it is pulled from melt 33. Crucible drive 
unit 31 similarly rotates crucible 27 at a second refer- 
ence rate, but usually in the opposite direction relative 
to crystal 35. Control unit 55 initially controls the with- 
drawal rate (i.e., pull rate) and the power supplied to 
heater 29 by power supply 47 to cause a neck down of 
crystal 35. Preferably, control unit 55 then adjusts these 
parameters to cause the diameter of crystal 35 to in- 
crease in a cone-shaped manner until a desired crystal 
diameter is reached. Once crystal 35 reaches the de- 
sired crystal diameter, control unit 55 controls the pull 
rate and heating to maintain constant diameter as meas- 
ured by system 21 until the process approaches its end. 
At that point, control unit 55 causes the pull rate and 
heating to increase so that the diameter decreases to 
form a tapered portion at the end of single crystal 35. 
[0028] As described above, accurate and reliable 
control is desired during the crystal growth process, par- 
ticularly in the neck portion of crystal 35. The neck is 
preferably grown at a substantially constant diameter as 
seed crystal 37 is drawn from melt 33. For example, con- 
trol unit 55 causes a substantially constant neck diam- 
eter to be maintained so that the neck diameter remains 
within fifteen percent of the desired diameter. As is 
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known in the art, the top portion of the neck adjacent 
seed crystal 37 may contain dislocations (not shown) 
first introduced by the thermal shock associated with 
bringing the dislocation-free seed crystal 37 into contact 
with silicon melt 33. Excessive fluctuations in neck di- 
ameter may also cause dislocations to form. 
[0029] According to a preferred embodiment of the in- 
vention, system 21 is of the type disclosed in European 
Patent Application No. 96303047.3, filed 1 May 1996 
(European Patent Publication No. 0 745 830). Also, U. 
S. Patent No. 5,178,720 discloses a preferred method 
for controlling crystal and crucible rotation rates as a 
function of the crystal diameter. 
[0030] Fig. 2 illustrates a preferred embodiment of 
control unit 55 in block diagram form. According to the 
present invention, camera 53 is preferably a mono- 
chrome charge coupled device (CCD) camera, such as 
a Sony XC-75 CCD video camera having a resolution 
of 768x494 pixels. In the prior art, camera 53 is mounted 
in a viewport (not shown) of chamber 25 at an angle of 
approximately 34° or 35° with respect to the vertical axis 
43 and is aimed generally at the intersection of axis 43 
and melt 33 at the melt level 41. According to the present 
invention, however, camera 53 is oriented vertically so 
that it has an optical axis generally parallel to vertical 
axis 43 (see Fig. 4). 

[0031] Camera 53 generates a video image of the 
width of crystal 35 as crystal drive unit 45 pulls it from 
melt 33, including an image of a portion of the meniscus 
(see Fig. 3) at the interface between melt 33 and crystal 
35. Camera 53 communicates the video image via line 
57 (e.g., RS-170 video cable) to a vision system 59. As 
shown in Fig. 2, the vision system 59 includes a video 
image frame buffer 61 and an image processor 63. As 
an example, vision system 59 is a Cognex CVS-400 vi- 
sion system. In turn, vision system 59 communicates 
with a programmable logic controller (PLC) 65 via line 
67. In one preferred embodiment, the PLC 65 is a Model 
575 PLC manufactured by Siemens and line 67 repre- 
sents a VME backplane interface. 
[0032] Referring further to Fig. 2, vision system 59 al- 
so communicates with a video display 69 via line 71 (e. 
g., RS-170 RGB video cable) and with a personal com- 
puter 73 via line 75 (e.g., RS-232 cable). In a preferred 
embodiment, the video display 69 displays the video im- 
age generated by camera 53 and the computer 73 is 
used to program vision system 59. 
[0033] In the illustrated embodiment, PLC 65 commu- 
nicates with an operator interface computer 77 via line 
79 (e.g., RS-232 cable) and with one or more process 
input/output modules 81 via line 83 (e.g., RS-485 cable). 
The operator interface computer 77 permits the operator 
of crystal growing apparatus 23 to input a set of desired 
parameters for the particular crystal being grown. The 
process input/output module 81 provides a path to and 
from crystal growing apparatus 23 for controlling the 
growth process. As an example, PLC 65 receives infor- 
mation regarding the melt temperature from tempera- 
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ture sensor 51 and outputs a control signal to heater 
power supply 47 via process input/output module 81 for 
controlling the melt temperature thereby controlling the 
growth process. 

[0034] Referring now to Fig. 3, an exemplary view of 
crystal 35, including a liquid meniscus 85 formed at the 
interface between crystal 35 and melt 33, is shown as 
viewed through the viewport of chamber 25 by a con- 
ventional camera that is tilted toward crystal 35. Thus, 
due to perspective distortion, the meniscus 85 does not 
appear circular. Rather, meniscus 85 appears to be an 
elliptical -type shape. 

[0035] As described above, automated inspection 
systems and other applications of computer-based ma- 
chine vision systems require accurate measurements of 
object edges and other features to perform their specific 
functions. As such, these systems must first convert 
measurements taken in the two-dimensional coordinate 
system of the camera to a three-dimensional coordinate 
system. Fig. 3 illustrates the disadvantageous perspec- 
tive distortion caused by conventional camera systems. 
If the camera is tilted or panned off of the three-dimen- 
sional coordinate axes, mapping to the camera coordi- 
nate system becomes much more complex, even for ob- 
jects in the same plane. Unfortunately, camera tilting or 
panning is often required because the camera place- 
ment is constrained by viewport locations, the need to 
avoid obstructions, and so forth. 
[0036] Gonzalez and Wintz, Digital Image Funda- 
mentals, 1987, pages 36-55, disclose mathematical 
transformations for compensating for perspective dis- 
tortion caused by the position of a camera with respect 
to a three-dimensional object. For example, Gonzalez 
and Wintz teach an optimal solution to two equations 
with twelve unknowns using more than six three-dimen- 
sional coordinate points. Such transformations may be 
used to extract a circular shape from a distorted elliptical 
shape. Although mathematical transformations are 
available to compensate for perspective distortion, such 
transformations may be complicated and delay the per- 
formance of vision system 59. 
[0037] Fig. 4 is a fragmentary view of silicon crystal 
35 being pulled from melt 33. As shown, crystal 35 con- 
stitutes a generally cylindrical body of crystalline silicon 
and is preferably an ingot of crystalline silicon having 
vertical axis 43 and a diameter D. It should be under- 
stood that an as-grown crystal, such as crystal 35, may 
not have a uniform diameter, although it is generally cy- 
lindrical. For this reason, diameter D may vary slightly 
at different axial positions along axis 43. Further, diam- 
eter D will vary in the different phases of crystal growth 
(e.g., seed, neck, crown, shoulder, body and end cone). 
Fig. 4 also illustrates a generally planar surface 87 of 
melt 33 including meniscus 85 formed at the interface 
between crystal 35 and melt 33. As is known in the art, 
the reflection of crucible 27 on meniscus 85 is typically 
visible as a bright ring adjacent crystal 35. 
[0038] Preferably, camera 53 is mounted in a viewport 



(not shown) of chamber 25 in a vertical orientation. 
Camera 53 has a first optical axis 89a defined by its im- 
age plane (see Fig. 5) and a second optical axis 89b 
defined by its image projector. According to the inven- 

s tion, the image projector is a precision pinhole or lens 
for projecting an image on the surface of the image 
plane of camera 53. For simplicity, a lens is shown at 
reference character 91 . In one preferred embodiment, 
the lens 91 of camera 53 has a focal length of approxi- 

10 mately 1 7 mm providing a field of view, indicated by ref- 
erence character 93, of at least approximately 300 mm. 
According to the invention, the field of view 93 includes 
the width of crystal 35 and at least a portion of the bright 
ring of meniscus 85. In an alternative embodiment, the 

is image projector of camera 53 is a precision pinhole of, 
for example, stainless steel, and having a center aper- 
ture of approximately 173 um 
[0039] Referring further to Fig. 4, field of view 93 of 
lens 91 intersects vertical axis 43 at an acute angle. For 

20 example, this angle is approximately 34° or 35°. Proper 
selection of lens 91 provides both telephoto viewing for 
high resolution of small seeds and necks as well as wide 
angle viewing for the larger body portion of crystal 35. 
Further, lens 91 is preferably selected to provide an im- 

25 age circle of sufficient size to accommodate the desired 
field of view 93 so that an image of the width of crystal 
35 may be generated. 

[0040] According to the invention, the vertical orien- 
tation of camera 53 aligns the image plane of camera 

30 53 parallel to the plane of meniscus 85, i.e., parallel to 
melt surface 87. In this instance, the image of meniscus 
85 will map linearly into the two-dimensional camera co- 
ordinate system. Advantageously, calibration takes the 
form of a "engineering unit per pixel' scaling that can 

35 either be calculated using known distances and focal 
length or determined experimentally As stated above, 
if camera 53 must be tilted or panned off of the three- 
dimensional coordinate axes such that the image plane 
is not parallel to the object plane, mapping to the camera 

40 coordinate system is complex and time-consuming. 
Thus, camera 53 of the present invention eliminates dis- 
tortion and simplifies the mapping calculations without 
limiting the desired field of view 93. Preferably, camera 
53 provides a relatively high f-stop to achieve the max- 

45 imum allowable depth of field so that the entire view re- 
mains in focus. 

[0041] Referring now to Fig. 5, camera 53 advanta- 
geously provides a non-distorted image pattern accord- 
ing to the present invention. As shown in Fig. 5, lens 91 

so is offset on camera 53 relative to an image sensor as- 
sembly which defines an image plane 97 of camera 53. 
In response to light received by lens 91 and then trans- 
mitted to the image sensor assembly 95, camera 53 
generates the image pattern of the portion of the bright 

55 ring adjacent silicon crystal 35. Preferably, image sen- 
sor assembly 95 comprises a generally planar array of 
photosensitive receptors such as charge coupled devic- 
es. 
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[0042] According to the invention, a lens mount as- 
sembly 99 offsets lens 91 relative to image sensor as- 
sembly 95 so that the second optical axis 89b is gener- 
ally parallel to and offset from the first optical axis 89a. 
The lens mount assembly 97 includes an aperture 101 s 
(shown in phantom) for receiving lens 91 and may be 
constructed from at least two plates for ease of construc- 
tion. In one embodiment, lens mount assembly 99 is 
connected to the body of camera 53 with fasteners, such 
as screws 103. Lens 91 and aperture 101 have corre- 
sponding threads so that lens 91 may then be screwed 
into aperture 101 of lens mount assembly 99. In this 
manner, aperture 101 is offset from first optical axis 89a 
of camera 53. Lens 91 and aperture 101 are both gen- 
erally cylindrical in shape and share a common axis of 
symmetry that defines second optical axis 89b. In a pre- 
ferred embodiment of the invention, image sensor as- 
sembly 95 comprises a generally planar array of photo- 
sensitive receptors in image plane 97 and which is gen- 
erally perpendicular to and generally centered on first 
optical axis 89a. As such, image plane 97 of camera 53, 
as defined by image sensor assembly 95, defines first 
optical axis 89a which is generally parallel to and offset 
from vertical axis 43. 

[0043] In one preferred embodiment, second optical 
axis 89b is offset from first optical axis 89a by approxi- 
mately 3/8 inch (9.53 mm) and lens mount assembly 99 
provides an extension of approximately 17 mm from 
camera 53 to lens 91 so that the focal point of lens 91 
is properly positioned relative to image sensor assembly 
95. By offsetting lens 91 in this manner, crystal 35 re- 
mains within field of view 93 of camera 53 without the 
need to tilt image sensor assembly 95 thereby compen- 
sating for distortion of the image pattern which would 
otherwise result if first optical axis 89a is at an angle 
relative to vertical axis 43. If a conventional camera is 
mounted in the viewport of chamber 25, crystal 35 lies 
outside the camera's field of view. By offsetting lens 91 , 
the present invention overcomes this disadvantage. 
[0044] The frame buffer 61 of vision system 59 re- 
ceives the video image signal from camera 53 and cap- 
tures an image pattern for processing by the image proc- 
essor 63. In general, image processor 63 performs dig- 
ital edge-detection to locate the coordinates of at least 
three points around the inside or outside of the bright 
ring of meniscus 85. Since the cross-section of crystal 
35 and meniscus 85 is known to be generally circular, 
and camera 53 compensates for perspective distortion, 
image processor 63 maps the detected bright ring edge 
coordinates into a circular shape. 
[0045] Image processor 63 defines at least three, and 
preferably five or more, regions of interest (not shown) 
on the image generated by camera 53 which is captured 
by frame buffer 61. Image processor 63 examines the 
regions of interest, also referred to as edge tools or win- 
dow regions, for a characteristic of the image pattern, 
such as the intensity or gradient of the intensity of the 
pixels included in each region. Based on the detected 



characteristic of the image pattern, image processor 63 
determines edge coordinates along the outside of the 
bright ring of meniscus 85. Preferably, the window re- 
gions are defined at preselected positions that generally 
correspond to positions along a curve matching the ex- 
pected shape of the bright ring as viewed by camera 53. 
In other words, the regions are positioned radially with 
respect to a defined center point along the bottom half 
of a circle to approximate the shape of the bright ring. 
By defining the window regions at preselected positions 
approximating the shape of a portion of the bright ring, 
the regions avoid known or expected reflections on the 
surface 85 of melt 33 that might cause spurious meas- 
urements. Also, since image processor 63 defines a 
number of regions, if part of the viewport of chamber 25 
is blocked, image processor 63 is still able to detect the 
edges of the bright ring. It is to be understood that other 
characteristics of the image pattern, such as color or 
contrast, may be detected for finding edge coordinates 
of the bright ring of meniscus 85 in addition to intensity 
or intensity gradient. 

[0046] As described above, crystal drive unit 45 pulls 
crystal 35 from melt 33 generally along vertical axis 43 
which is generally perpendicular to melt surface 87. Dur- 
ing pulling, crystal 35 may move relative to vertical axis 
43. Advantageously, the window regions are large 
enough so that edge coordinates of the bright ring may 
be defined within them even though crystal 35 is moving. 
Image processor 63 further dynamically moves the 
preselected positions of the window regions so that they 
are adjacent the imaged portion of the bright ring to fol- 
low the crystal diameter throughout all phases of growth 
(e.g., seed, neck, crown, shoulder, body and end cone). 
In other words, the regions track crystal diameters from 
approximately 4 mm to 300 mm. As is known in the art, 
however, the bright ring is not always visible during all 
phases of growth. For example, during growth of the 
crown portion of crystal 35, the bright ring may be rela- 
tively small or not visible. For this reason, measuring ap- 
paratus 21 preferably detects the perimeter of the crown 
which appears as a bright area relative to the intensity 
of the background of the image pattern. In this instance, 
the background of the image pattern is representative 
of melt surface 87. Thus, in the alternative to detecting 
the bright ring, measuring apparatus 21 detects the 
bright area associated with the crown of crystal 35. 
[0047] In a preferred embodiment, image processor 
63 defines a generally circular shape having a diameter 
and a center point based on the detected coordinates. 
Practically, at least three edge coordinates are needed 
to define such a circle. In order to obtain an accurate 
measurement of the crystal diameter D for use by PLC 
65 in controlling the crystal growth process, image proc- 
essor 63 first digitally processes the diameter of the de- 
fined circle. In this manner, image processor 63 uses 
the dimensions of the defined circle to determine the 
crystal diameter D, a measure of the quality of fit relative 
to an exact circle, and melt level 41 . For purposes of this 
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application, melt level 41 is defined as the distance from 
the top of heater 29 to surface 87 of melt 33 and may 
be determined as a function of the coordinates of the 
circle's center point. 

[0048] In operation, image processor 63 defines the s 
window regions adjacent the portion of the bright ring 
and detects an intensity gradient characteristic of the 
image pattern within them. Image processor 63 further 
defines the coordinates of an edge of the bright ring with- 
in each window region as a function of the detected 
characteristic and defines a generally circular shape in- 
cluding the defined edge coordinates. The diameter of 
crystal 35 is then determined based on the diameter of 
the defined circular shape for use in controlling the crys- 
tal growth process. PLC 65 of control unit 55 is respon- 
sive to the determined diameter D of silicon crystal 35 
for controlling the rates at which crucible 27 and crystal 
35 are rotated and/or the rate at which crystal 35 is 
pulled from melt 33 and/or the temperature of melt 33 
and is responsive to the determination of melt level 41 
for controlling the level of crucible 27 thereby to control 
crystal growth apparatus 23. Thus, image processor 63 
constitutes a detection circuit, a defining circuit and a 
measurement circuit. 

[0049] In one preferred embodiment of the invention, 
processor 63 uses a calibration factor for correcting the 
diameter of the defined circle, which is measured in 
terms of radius pixels, to compensate for the width of 
the bright ring. The value of the calibration factor may 
be determined by analyzing data from grown necks and 
input by an operator. According to the invention, the op- 
erator of crystal growth apparatus 23 measures the 
growing crystal 35 with a telescope that slides on a cal- 
ibrated track and then inputs a calibration factor value 
via computer 77 so that the determined diameter of crys- 
tal 35 equals the measured value. In this manner, the 
calibration factor compensates for variability in the di- 
ameter measurement. Such variability is due primarily 
to changes in the distance between camera 53 and crys- 
tal 35 which affect the magnification of the optics. In- 
creasing the distance causes crystal 35 to appear small- 
er which may result in the actual crystal 35 being grown 
oversized. These changes in distance can occur from 
one crystal growth apparatus 23 to another, from one 
run to another, and even within a single run because of 
variability in melt level 41 . 

[0050] With respect to melt level 41 , image processor 
63 determines a center point of the defined circle which 
is indicative of melt level 41 . According to the invention, 
the difference between the y coordinate of the center 
point and a reference value is used to determine melt 
level 41. Alternatively, commercially available optical 
methods (e.g., a light beam/detector apparatus mount- 
ed on the cover plate of chamber 25) may be used to 
determine melt level 41 . The determination of melt level 
41 may be used to reduce variability of diameter meas- 
urements by the calculation of a correction factor and 
by reducing melt level variation through lift control of cru- 



cible 27. 

[0051] Another primary source of variability in the di- 
ameter measurements is that the width of the bright ring 
changes depending on the height of the hot wall of cru- 
cible 27 which is exposed and reflected by liquid menis- 
cus 85. As melt 33 is depleted, the width of the bright 
ring increases which causes crystal 35 to appear larger 
and may result in the actual crystal 35 being grown un- 
dersized. As an alternative to using a constant calibra- 
tion factor, the bright ring width can be calculated by us- 
ing additional vision tools or mathematical modeling. For 
example, detecting the edge between crystal 35 and the 
bright ring, in addition to detecting the edge between 
melt 33 and the bright ring, provides a measure of bright 
ring width. Further, mathematical modeling of liquid me- 
niscus 85 taking into account its reflective characteris- 
tics with respect to crucible wall height, provides a 
measure of bright ring width. 

[0052] In an alternative embodiment, the five edge co- 
ordinates of the bright ring defined within the window 
regions of the image pattern are used to detect periodic 
deviations in crystal diameter with respect to the rate at 
which crystal drive unit 45 rotates crystal 35. As is known 
in the art, <100> zero dislocation growth is indicated by 
facets, or growth lines, generally parallel to vertical axis 
43 and spaced apart along the body of crystal 35. These 
growth lines appear as dimple-like features on the pe- 
rimeter of a cross-section of crystal 35. For this reason, 
as crystal 35 rotates at a known rate, growth lines are 
expected within a particular window region at a rate of 
four times, for example, the rate of rotation. As such, 
image processor 63 confirms zero dislocation growth of 
crystal 35 and constitutes means for detecting periodic 
deviation in the determined diameter of the defined cir- 
cular shape. 

[0053] Further, it is to be understood that vision sys- 
tem 59 of the present invention may be used to deter- 
mine other crystal growth parameters, such as purge 
tube gap or melt gap, complete meltdown, ice, convec- 
tion currents and temperature, in addition to crystal di- 
ameter, melt level and loss of zero dislocation growth. 
[0054] Referring now to Fig. 6, in an alternative em- 
bodiment of the invention, lens mount assembly 97 es- 
sentially rotates lens 91 relative to image sensor assem- 
bly 95. In this embodiment, camera 53 is oriented verti- 
cally so that image sensor assembly 95 is parallel to melt 
surface 87. Lens mount assembly 97 provides a con- 
nection for lens 91 such that second optical axis 89b, 
defined by lens 91 , is at an acute angle relative to ver- 
tical axis 43. Again, camera 53 compensates for per- 
spective distortion because image sensor assembly 95 
is parallel to melt surface 87 and, thus, simplifies the 
mapping calculations. 

[0055] In yet another embodiment of the invention, 
camera 53 has an adjustable image plane which may 
be aligned to be parallel to melt surface 87 to compen- 
sate for the distortion otherwise resulting when lens 91 
of camera 53 is at an angle relative to vertical axis 43. 
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[0056] In view of the above, it will be seen that the 
several objects ot the invention are achieved and other 
advantageous results attained. 
[0057] As various changes could be made in the 
above constructions without departing from the scope 
of the invention as claimed, it is intended that all matter 
contained in the above description or shown in the ac- 
companying drawings shall be interpreted as illustrative 
and not in a limiting sense. 



Claims 

1. A crystal growing apparatus (23) comprising a 
measuring apparatus (21 ) for determining a dimen- 
sion of a silicon crystal (35) being pulled from a sil- 
icon melt (33) said silicon melt (33) having a gener- 
ally planar surface (87) including a meniscus (85) 
that is visible as a bright area adjacent the silicon 
crystal (35), said measuring apparatus (21) com- 
prising: 

a camera (53) positioned above the silicon melt 
surface (87) and away from the silicon crystal 
(35) for generating an image pattern of a portion 
of the bright area adjacent the silicon crystal 
(35), said camera (53) including an image pro- 
jector (91) for receiving and transmitting light 
from the bright area adjacent the silicon crystal 
(35) and an image plane (97) responsive to the 
light transmitted by the image projector (91 ) for 
generating the image pattern of the portion of 
the bright area adjacent the silicon crystal (35), 
said image plane (97) being generally parallel 
to the silicon melt surface (87) thereby to com- 
pensate for distortion of the image pattern 
caused by the position of the camera (53) rel- 
ative to the silicon crystal (35); 
a detection circuit for detecting a characteristic 
of the image pattern; 

a defining circuit for defining an edge of the 
bright area as a function of the detected char- 
acteristic and for defining a shape including the 
defined edge of the bright area; and 
a measurement circuit for determining a dimen- 
sion of the defined shape whereby the dimen- 
sion of the silicon crystal (35) is determined as 
a function of the determined dimension of the 
defined shape. 

2. Apparatus according to claim 1 , wherein the image 
plane (97) comprises a generally planar photosen- 
sitive surface defining a first optical axis (89a) gen- 
erally perpendicular to the photosensitive surface. 

3. Apparatus according to claim 2, wherein the image 
projector comprises a lens (91 ) defining a second 
optical axis (89b) through its center and further 
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comprising a lens mount (99) for offsetting the lens 
(91 ) of the camera (53) relative to the image plane 
(97) so that the second optical axis (89b) is gener- 
ally parallel to and offset from the first optical axis 

5 (89a). 

4. Apparatus according to claim 3, wherein the second 
optical axis (89b) is offset from the first optical axis 
(89a) by approximately 3/8 inch (approximately 

io 9.53 mm). 

5. Apparatus according to claim 2, wherein the image 
projector (91) defines a second optical axis (89b) 
through its center and further comprising a mount 

15 for rotating the image projector (91 ) of the camera 
(53) relative to the image plane (97) so that the sec- 
ond optical axis (89b) is at an acute angle relative 
to the first optical axis and is directed at the bright 
area adjacent the silicon crystal (35). 

20 

6. Apparatus according to claim 5, wherein the acute 
angle of the second optical axis (89b) relative to the 
first optical axis (89a) is approximately 35°. 

25 7. Apparatus according to any one of claims 1 to 6, 
wherein the silicon crystal (35) is pulled from the sil- 
icon melt (33) generally along a vertical axis (43), 
said vertical axis being within the meniscus (85) and 
generally perpendicular to the silicon melt surface 

30 (87), and wherein the camera (53) is positioned 
away from the vertical axis (43). 

8. Apparatus according to any one of claims 1 to 7, 
wherein the silicon crystal (35) is generally cylindri- 

35 cal and the bright area is generally ring-shaped and 
wherein the defined shape is generally circular and 
the dimension of the defined shape determined by 
the measurement circuit is the diameter of the de- 
fined circular shape. 

40 

9. A crystal growing apparatus (23) comprising a 
measuring apparatus (21 ) for determining a dimen- 
sion of the silicon crystal (35) being pulled from a 
silicon melt (33), said silicon melt (33) having a gen- 

45 erally planar surface (87) including a meniscus (85) 
that is visible as a bright area adjacent the silicon 
crystal (35), said silicon crystal (35) being pulled 
from the silicon melt (33) generally along a vertical 
axis (43) within the meniscus (85) which is generally 

50 perpendicular to the silicon melt surface (87), said 
measuring apparatus (21 ) comprising: 

a camera (53) positioned above the silicon melt 
surface (87) and away from the vertical axis 
55 (43) for generating an image pattern of a portion 

of the bright area adjacent the silicon crystal 
(35), said camera (53) including an image pro- 
jector (91) for receiving and transmitting light 
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from the bright area adjacent the silicon crystal 
(35) and an image plane (97) responsive to the 
light transmitted by the image projector (91 ) for 
generating the image pattern of the portion of 
the bright area adjacent the silicon crystal (35), 
said camera (53) having an optical axis (89a) 
that is generally parallel to the vertical axis (43) 
thereby to compensate for distortion of the im- 
age pattern caused by the position of the cam- 
era (53) relative to the vertical axis (43); 
a detection circuit for detecting a characteristic 
of the image pattern; 

a defining circuit for defining an edge of the 
bright area as a function of the detected char- 
acteristic and for defining a shape including the 
defined edge of the bright area; and 
a measurement circuit for determining a dimen- 
sion of the defined shape whereby the dimen- 
sion of the silicon crystal (35) is determined as 
a function of the determined dimension of the 
defined shape. 



PatentansprQche 

1. Kristallzuchtungsvorrichtung (23), die ein MeBgerat 
(21) zum Bestimmen einer Abmessung eines aus 
einer Siliciumschmelze (33) gezogenen Siliciumkri- 
stalls (35) aufweist, wobei die genannte Silicium- 
schmelze (33) eine allgemein ebene Oberflache 
(87) hat, die einen Meniskus (85) aulweist, welcher 
als eine helle Flache benachbart dem Siliciumkri- 
stall (35) sichtbar ist, wobei das genannte MeBgerat 
(21) umfaBt: 

eine Kamera (53), die uber der Oberflache (87) 
der Siliciumschmelze und von dem Siliciumkri- 
stall (35) entfemt angeordnet ist, urn ein Bild- 
muster eines Teils der an den Siliciumkristall 
(35) angrenzenden hellen Flache zu erzeugen, 
wobei die genannte Kamera (53) einen Bildpro- 
jektor (91) zum Empfangen und Ubertragen 
von Licht von der dem Siliciumkristall (35) be- 
nachbarten hellen Flache und eine Bildebene 
(97) umfaBt, die auf das durch den Bildprojektor 
(91) uberiragene Licht zum Erzeugen des Bild- 
musters des Teils der dem Siliciumkristall (35) 
benachbarten hellen Flache reagiert, wobei die 
genannte Bildebene (97) allgemein parallel zu 
der Oberflache (87) der Siliciumschmelze ist, 
urn dadurch durch die Position der Kamera (53) 
im Verhaltnis zu dem Siliciumkristall (35) verur- 
sachte Verzerrung des Bildmusters zu kom- 
pensieren; 

eine Detektionsschaltung zum Detektieren ei- 
ner Charakteristik des Bildmusters; 



eine Definitionsschaltung zum Definieren eines 
Randes der hellen Flache als eine Funktion der 
detektierten Charakteristik und zum Definieren 
einer Form, die den definierten Rand der hellen 
s Flache einschlieBt; und 

eine MeBschattung zum Bestimmen einer Ab- 
messung der definierten Form, wodurch die 
Abmessung des Siliciumkristalls (35) als eine 
10 Funktion der bestimmten Abmessung der defi- 

nierten Form bestimmt wird. 

2. Vorrichtung nach Anspruch 1 , bei der die Bildebene 
(97) eine allgemein ebene lichtempfindliche Ober- 

is flache aufweist, die eine erste optische Achse (89a) 
allgemein perpendikular zu der lichtempfindlichen 
Oberflache definiert. 

3. Vorrichtung nach Anspruch 2, bei der der Bildpro- 
20 jektor eine Linse (91) umfaBt, die eine zweite opti- 
sche Achse (89b) durch seine Mitte definiert und 
weiter eine Linsenfassung (99) zum Versetzen der 
Linse (91 ) von der Kamera (53) im Verhaltnis zu der 
Bildebene (97) umfaBt, so daB die zweite optische 

25 Achse (89b) allgemein parallel zu und versetzt von 
der ersten optischen Achse (89a) ist. 

4. Vorrichtung nach Anspruch 3, bei der die zweite op- 
tische Achse (89b) von der ersten optischen Achse 

30 (89a) urn ungefahr 3/8 Zoll (ungefahr 9,53 mm) ver- 
setzt ist. 

5. Vorrichtung nach Anspruch 2, bei der der Bildpro- 
jektor (91 ) eine zweite optische Achse (89b) durch 

35 seine Mitte definiert und weiter eine Fassung zum 
Drehen des Bildprojektors (91 ) der Kamera (53) im 
Verhaltnis zu der Bildebene (97) aufweist, so daB 
die zweite optische Achse (89b) sich unter einem 
spitzen Winkel im Verhaltnis zu der ersten opti- 

40 schen Achse befindet und auf die dem Siliciumkri- 
stall (35) benachbarte helle Flache gerichtet ist. 

6. Vorrichtung nach Anspruch 5, bei der der spitze 
Winkel der zweiten optischen Achse (89b) im Ver- 

45 haltnis zu der ersten optischen Achse (89a) unge- 
fahr 35° betragt. 

7. Vorrichtung nach einem der Anspruche 1 bis 6, bei 
der der Siliciumkristall (35) allgemein entlang einer 

50 vertikalen Achse (43) aus der Siliciumschmelze 
(33) gezogen wird, wobei die genannte vertikale 
Achse sich innerhalb des Meniskus (85) befindet 
und allgemein perpendikular zu der Oberflache (87) 
der Siliciumschmelze ist, und wobei die Kamera 

55 (53) von der vertikalen Achse (43) entfemt ange- 
ordnet ist. 

8. Vorrichtung nach einem der Anspruche 1 bis 7, bei 
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der der Siliciumkristall (35) allgemein zylindrisch ist 
und die helle Flache allgemein ringformig ist, und 
bei derdiedefinierte Form allgemein kreisfdrmig ist 
und die durch die MeGschaltung bestimmte defi- 
nierte Form den Durchmesser derdefinierten kreis- 
formigen Form darstellt. 

Kristallzuchtungsvorrichtung (23), die ein MeBgerat 
(21 ) zum Bestimmen einer Abmessung des aus ei- 
ner Siliciumschmelze (33) gezogenen Siliciumkri- 
stalls (35) aufweist, wobei die genannte Silicium- 
schmelze (33) eine allgemein ebene Oberflache 
(87) hat, die einen Meniskus (85) aufweist, welcher 
als eine helle Flache benachbart dem Siliciumkri- 
stall (35) zu sehen ist, wobei der genannte Silicium- 
kristall (35) allgemein entlang einer vertikalen Ach- 
se (43) innerhalb des Meniskus (85) aus der Silici- 
umschmelze (33) gezogen wird, welche allgemein 
perpendikular zu der Oberflache (87) der Silicium- 
schmelze ist, wobei das genannte MeBgerat (21) 
umfaGt: 

eine Kamera (53) die uber der Oberflache (87) 
der Siliciumschmelze und von der vertikalen 
Achse (43) entferntangeordnet ist, urn ein Bild- 
muster eines Teil der dem Siliciumkristall (35) 
benachbarten hellen Flache zu erzeugen, wo- 
bei die genannte Kamera (53) einen Bildprojek- 
tor (91) zum Empfangen und Ubertragen von 
Licht von der dem Siliciumkristall (35) benach- 
barten hellen Flache und eine Bildebene (97) 
umfaGt, die auf das durch den Bildprojektor (91 ) 
ubertragene Licht zum Erzeugen des Bildmu- 
sters des Teils der dem Siliciumkristall (35) be- 
nachbarten hellen Flache reagiert, wobei die 
genannte Kamera (53) eine optische Achse 
(89a) aufweist, die allgemein parallel zu der 
vertikalen Achse (43) ist, urn dadurch die durch 
die Position der Kamera (53) im Verhaltnis zu 
der vertikalen Achse (43) verursachte Verzer- 
rung des Bildmusters zu kompensieren; 



Revendications 

1 . Dispositif de tirage de cristal (23) comprenant un 
dispositif de mesure (21) pour determiner une di- 

s mension d'un cristal de silicium (35) tire a partir d'un 
bain fondu de silicium (33), ledit bain de silicium fon- 
du (33) ayant une surface generalement plane (87) 
comportant un menisque (85) qui est visible sous 
forme de zone brillante adjacente au cristal de sili- 

10 cium (35), ledit dispositif de mesure (21) 
comprenant : 

une camera (53) positionnee au-dessus de la 
surface (87) de bain de silicium fondu et a 

15 I'ecart du cristal de silicium (35) pour generer 

un motif d'image d'une partie de la zone brillan- 
te adjacente au cristal de silicium (35), ladite 
camera (53) comportant un projecteur d'image 
(91) pour recevoir et transmettre une lumiere 

20 provenant de la zone brillante adjacente au 

cristal de silicium (35) et un plan d'image (97) 
sensible a la lumiere transmise par le projec- 
teur d'image (91 ) pour generer le motif d'image 
de la partie de la zone brillante adjacente au 

25 cristal de silicium (35), ledit plan d'image (97) 

etant generalement parallele a la surface (87) 
de bain de silicium fondu en vue de compenser 
la distorsion du motif d'image causee par la po- 
sition de la camera (53) par rapport au cristal 

30 de silicium (35) ; 

un circuit de detection pour detecter une carac- 
teristique du motif d'image ; 
un circuit de definition pour def inir une arete de 
la zone brillante en fonction de la caracteristi- 

35 que detectee et pour definir une forme compor- 

tant I'arete definie de la zone brillante ; et 
un circuit de mesure pour determiner une di- 
mension de la forme definie de telle sorte que 
la dimension du cristal de silicium (35) sort de- 

40 terminee en fonction de la dimension determi- 

nee de la forme definie. 



eine Detektionsschaltung zum Detektieren ei- 
ner Charakteristik des Bildmusters; 

eine Definitionsschaltungzum Definieren eines 
Rands der hellen Flache als eine Funktion der 
detektierten Charakteristik und zum Definieren 
einer Form, die den definierten Rand der hellen 
Flache einschlieGt; und 

eine MeGschaltung zum Bestimmen einer Ab- 
messung der definierten Form, wodurch die 
Abmessung des Siliciumkristalls (35) als eine 
Funktion der bestimmten Abmessung der defi- 
nierten Form bestimmt wird. 



2. Dispositif selon la revendication 1 , dans lequel le 
plan d'image (97) comprend une surface photosen- 

45 sible generalement plane definissant un premier 
axe optique (89a) generalement perpendiculaire a 
la surface photosensible. 

3. Dispositif selon la revendication 2, dans lequel le 
so projecteur d'image comprend un objectif (91 ) defi- 
nissant un deuxieme axe optique (89b) a travers 
son centre et comprenant en outre une monture 
d'objectif (99) pour decaler I'objectif (91) de la ca- 
mera (53) par rapport au plan d'image (97) de telle 

55 sorte que le deuxieme axe optique (89b) soit gene- 
ralement parallele a et decale par rapport au pre- 
mier axe optique (89a). 
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Dispositif selon la revendication 3, dans lequel le 
deuxieme axe optique (89b) est decaie par rapport 
au premier axe optique (89a) par approximative- 
ment 3/8 de pouce (approximativement 9,53 mm). 

Dispositif selon la revendication 2, dans lequel le 
projecteur d'image (91 ) d6finit un deuxieme axe op- 
tique (89b) a travers son centre et comprenant en 
outre une monture pour faire tourner le projecteur 
d'image (91) de la camera (53) par rapport au plan 
d'image (97) de telle sorte que le deuxieme axe op- 
tique (89b) soit a un angle aigu par rapport au pre- 
mier axe optique et dirig6 sur la zone brillante ad- 
jacente au crista! de silicium (35). 

Dispositif selon la revendication 5, dans lequel Tan- 
gle aigu du deuxieme axe optique (89b) par rapport 
au premier axe optique (89a) est approximative- 
ment 35°. 

Dispositif selon Tune quelconque des revendica- 
tions 1 a 6, dans lequel le cristal de silicium (35) est 
tir6 a partir du bain de silicium fondu (33) g6n6rale- 
ment le long d'un axe vertical (43), ledit axe vertical 
6tant compris a I'interieur du menisque (85) et ge- 
neralement perpendiculaire a la surface (87) de 
bain de silicium fondu, et dans lequel la camera (53) 
est positionn6e a Tecart de I'axe vertical (43). 
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pour recevoir et transmettre une lumiere prove- 
nant de la zone brillante adjacente au cristal de 
silicium (35) et un plan d'image (97) sensible a 
la lumiere transmise par le projecteur d'image 
(91) pour generer le motif d'image de la partie 
de la zone brillante adjacente au cristal de sili- 
cium (35), lad it e camera (53) ayant un axe op- 
tique (89a) qui est generalement parallele a 
I'axe vertical (43) en vue de compenser la dis- 
torsion du motif d'image causae par la position 
de la camera (53) par rapport a I'axe vertical 
(43); 

un circuit de detection pour detecter une carac- 
teristique du motif d'image ; 
un circuit de definition pour definir une arete de 
la zone brillante en fonction de la caracteristi- 
que d6tect6e et pour definir une forme compor- 
tant I'arete d6finie de la zone brillante ; et 
un circuit de mesure pour determiner une di- 
mension de la forme definie de telle sorte que 
la dimension du cristal de silicium (35) soit d6- 
terminSe en fonction de la dimension d6termi- 
n6e de la forme d6finie. 



8. Dispositif selon I'une quelconque des revendica- 
tions 1 a 7, dans lequel le cristal de silicium (35) est 
generalement cylindrique et la zone brillante est ge- 
neralement en forme d'anneau et dans lequel la for- 
me definie est generalement circulate et la dimen- 
sion de la forme definie d6termin6e par le circuit de 
mesure est le diametre de la forme circulaire defi- 
nie. 
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9. Dispositif de tirage de cristal (23) comprenant un 
dispositif de mesure (21) pour determiner une di- *o 
mension du cristal de silicium (35) tire a partir d'un 
bain de silicium fondu (33), ledit bain de silicium fon- 
du (33) ayant une surface generalement plane (87) 
comportant un menisque (85) qui est visible sous 
forme de zone brillante adjacente au cristal de sili- 45 
cium (35), ledit cristal de silicium (35) 6tant tire a 
partir du bain de silicium fondu (33) g6n6ralement 
le long d'un axe vertical (43) dans les limites du me- 
nisque (85) qui est generalement perpendiculaire a 
la surface (87) de bain de silicium fondu, ledit dis- so 
positif de mesure (21 ) comprenant : 

une camera (53) positionnee au-dessus de la 
surface (87) de bain de silicium fondu et a 
recart de I'axe vertical (87) pour g6n6rer un mo- 55 
t if d'image d'une partie de la zone brillante ad- 
jacente au cristal de silicium (35), ladite camera 
(53) comportant un projecteur d'image (91) 
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